To determine the effects of simultaneously presented myopic and hyperopic defocus on the refractive development of chicks. METHODS. A novel form of dual-power lens was designed. Normal chicks 7 to 8 days of age were fitted with a dual-power lens over one eye and a plano lens over the fellow (control) eye. Dualpower lenses of ϩ20/Ϫ10, ϩ10/Ϫ10, ϩ5/Ϫ10, and plano/Ϫ10-D were tested, along with ϩ10/Ϫ10-D lenses having differing ratios (50:50, 33:67, and 25:75) of surface area devoted to each power. Ocular refraction and axial ocular component dimensions were assessed after 6 days of lens wear, by retinoscopy and highfrequency ultrasound, respectively. In a separate experiment designed to test the effect of dual-power lens wear on the refractive development of myopic eyes, chicks were fitted with a dualpower ϩ10/Ϫ10-D lens for 6 days, after myopia had been induced by 6 days of Ϫ10-D lens wear. RESULTS. For each of the dual-power lenses tested, the refractive end point of the treated eye was found to lie between the two optical powers of the lens (but with the response weighted in favor of the effect of myopic defocus). Refractive development appeared to be modulated by the sign, dioptric magnitude, and relative contribution (relative contrast) of the imposed optical defocuses through an integrative mechanism. Chicks with myopia induced by Ϫ10-D lens wear recovered when treated with a ϩ10/Ϫ10-D dual-power lens. CONCLUSIONS. The chick retina can discern both the sign and the magnitude of optical defocus. Chick eyes were able to integrate blur cues from simultaneously presented images focused either side of the photoreceptors and to modulate their refractive development accordingly. This implies that the complex nature of defocus in the visual environment may play a critical role in the pathogenesis of myopia. The results suggest a rational method for arresting or reversing the development of myopia, which may be useful in the treatment of human myopia if the primate retina is also capable of responding to simultaneously presented opposing defocus cues. (Invest Ophthalmol Vis Sci. 2007;48:5352-5359)
Myopia incurs more than a minor inconvenience, since high myopia is a leading cause of retinal degeneration 7 and visual impairment. 8 In fact, myopic degeneration is the second leading cause of low vision in Hong Kong 9 and is the fifth leading cause of blindness in the United States. 10 Optical aids are usually prescribed purely to correct refractive error and, at present, there is no proven clinical treatment for retarding myopia's progression.
Myopia is a multifactorial disorder. Twin and family studies indicate a genetic predisposition to myopia. 11 By contrast, epidemiology studies have shown that myopia is more prevalent in early adults than in older adults within a population that shares the same gene pool. [12] [13] [14] Therefore, environmental factors are strongly indicated in the recent epidemic of myopia.
Naturally occurring refractive errors (myopia and hyperopia) are scarce and small in magnitude among both wild and domesticated adult animals-for example, the pigeon, 15 chick, 16 tree shrew, 17 rhesus monkey, 18 fish, 19 marmoset, 20 and guinea pig. 21 This phenomenon of the scarcity of naturally occurring refractive errors is driven by the process of emmetropization: a robust homeostatic mechanism found in diverse species that guides postnatal eye growth (reviewed in Ref. 22) . Refractive errors are common at birth; hence, images of distant objects are focused in front of the photoreceptors (myopic defocus) in some subjects and behind the photoreceptors (hyperopic defocus) in others. However, the growth of the component parts of the eye is carefully coordinated in such a way that, as the animal matures, the position of the photoreceptors becomes increasingly well matched to the combined focal length of the eye's refractive elements. Eventually, the eye becomes relatively free of refractive error (emmetropic) for targets at infinity. (In reality, this is a somewhat simplified view: hyperopia is more common than myopia in early infancy, and, in most populations, most individuals undergo emmetropization to a refractive state of low hyperopia rather than precise emmetropia. 16, 18, 21 ) It is yet to be answered why children so commonly develop myopia if the dimensions of the eye are under homeostatic control to match its optical power. In fact, the exact mechanism of emmetropization remains to be unraveled, although it is known to operate largely locally within the eye and does not necessarily require innervation from the central nervous system. 23 Experimentally, the emmetropization process can be manipulated by mounting ophthalmic lenses before the eyes of young animals and then monitoring the changes in refractive status and ocular dimensions. Results have shown that school work and other intensive close work are risk factors for myopia. 10, 24 Emmetropization is known to be principally visually guided, 22 and therefore, intuitively, extreme environments such as predominantly close reading distance may somehow upset the natural balance of visual input for normal eye growth.
Previous studies of reading habits, 25 accommodative stress reduction, 26, 27 and lens-induced emmetropization have typically used relatively simple visual targets. However, visual scenes typically comprise multiple spatially distinct objects, forming images at a variety of levels of defocus. These rich spatial and temporal visual inputs may provide important cues to the emmetropization system. In this study, we tested the hypothesis that ocular growth is modulated by the integration of such differentially defocused images in the visual field.
METHODS
White leghorn chicks (Gallus gallus) were obtained and bred as SPF (specific pathogen free) fertilized eggs from SPAFAS India (Venky's, Viththalwadi, Maharashtra, India). The chicks were housed in an enclosure made of fine metal mesh (to minimize restriction of distant viewing) under a 12-hour-light/12-hour-dark cycle of 450 lux (measured at the level of the food containers) and given food and water ad libitum. All chicks were 7 to 8 days old at the start of lens wear experiments. All the rearing and experimental procedures were approved by The Hong Kong Polytechnic University's Animal Ethics Committee and were in compliance with the ARVO Statement for the Use of Animals in Ophthalmic and Visual Research.
Dual-Power Lens System
Lenses were attached with the aid of Velcro rings glued to the feathers around the eye. 28 Dual-power lenses ( was 52-for example, the ϩ10/Ϫ10-D (25:75 area) lens contained 13 annuli of positive power and 39 annuli of negative power. The extent of the field of view through the optical zones of the dualpower lenses was approximately 150°. Thus, the lenses would produce overlying images, focused in different planes, over the central and midperipheral retina. It should be noted that the dualpower lenses would not produce concentric rings of hyperopic and myopic defocus on the retina. Figure 2 shows a schematic diagram of the distribution of annuli for the different lens types.
Ocular refraction was measured to Ϯ0.50 D by retinoscopy and trial lenses in the two principal meridians (usually at axes 90 and 180). Spherical equivalent power was calculated by averaging the refractive powers of the two meridians. Axial ocular dimensions were measured using a high-frequency A-scan ultrasound system with a 30-MHz polymer transducer sampled at 100 MHz. 28 All measurements were made with the animals under isoflurane anesthesia in gaseous oxygen so that accommodation was relaxed during both refraction and axial length measurements without the use of additional cycloplegic drugs. Data are presented as the mean Ϯ SE. Statistics were performed with ANOVA and the Bonferroni post hoc test (SPSS, Chicago, IL). The number of animals in each group is shown in Table 1 
Experiment 1: Simultaneous Myopic Defocus and Hyperopic Defocus
In the first experiment, we simultaneously imposed both myopic and hyperopic defocus on one eye of young chicks and studied how the emmetropization system integrated these disparate growth cues. The simultaneous myopic and hyperopic defocus was achieved by using custom-designed and manufactured dual-power lenses, which took the form of concentric annuli of alternating power. These lenses simultaneously introduced overlapping optical images that in an unaccommodated eye would be focused on either side of the retina. Chicks wore a plano (zero power) lens over the fellow eye as a control. Lenses were cleaned at least once every 2 days. More frequent cleaning was unnecessary, since eyes covered with plano lenses did not develop myopia. For comparison, additional groups of chicks were raised wearing a single vision lens (ϩ20, ϩ10, ϩ5, plano, or Ϫ10 D) over one eye and a plano lens over the fellow eye. The four dual-power treatment groups were processed and measured together in a series of experiment, whereas the five single-vision control groups were processed and measured together in another series.
Experiment 2: Increasing Lens Area for Hyperopic Defocus
To further characterize the integration of competing defocus cues, we varied the relative proportions of the myopic and hyperopic defocus annuli of dual-power lenses, from the 50:50 contribution examined in experiment 1. Because the effect of myopic defocus outweighed the effect of hyperopic defocus for various power combinations in experiment 1, the lens area generating myopic defocus was decreased. Two dual-power lenses (ϩ10/Ϫ10 D) with increasing proportions of hyperopic defocus were produced: a 
Ref., reference group. * Treatment duration (in days) when measurements were obtained. † Mean Ϯ SE. ‡ Difference from corresponding reference group. 
Experiment 3: Effect of a Switch from a Negative Single-Vision Lens to a Dual-Power Lens and Vice Versa
To investigate the effect of simultaneous defocus in eyes with an existing refractive error, we performed a crossover experiment in which either a Ϫ10-D single-vision lens or a ϩ10/Ϫ10-D (50:50) dual-power lens was worn on one eye for 6 days (stage 1), followed by a further 6 days in which the Ϫ10-D lens was replaced by a ϩ10/Ϫ10-D lens, and vice versa (stage 2). The fellow eye of all chicks was fitted with a plano lens throughout the 12 days of the experiment as a control.
RESULTS

Experiment 1: Integration of Competing Myopic and Hyperopic Defocus during Emmetropization
As reported in previous studies, rearing chicks with a singlevision lens altered their refractive state in such a manner as to compensate for the imposed defocus (compensation was complete for the lower lens powers tested and partial for higher lens powers; Fig. 3 ). In stark contrast, the refractive state of chicks reared with dual-power lenses was not altered to match either of the two planes of induced defocus: Instead, the refractive end point of the eye fell between the two optical powers of the lens (the resultant refractive error was: ϩ13.5, ϩ4.7, Ϫ0.6, and Ϫ3.9 D; for dual-power lenses of: ϩ20/Ϫ10, ϩ10/Ϫ10, ϩ5/Ϫ10, and 0/Ϫ10 D, respectively; Fig. 3A) . The refractive end points were significantly different from the two powers of the dual-power lens and the respective single-vision control lenses in all cases (ANOVA, Bonferroni post hoc, P Ͻ 0.01). Of interest, the refractive end point of dual-power-lenswearing eyes was always slightly more positive than the numerical mean of the two lens powers. Ocular biometry using high-resolution A-scan ultrasonography demonstrated that the major structural correlate to the refractive changes just described was a change in the interocular vitreous chamber depth (VCD). The interocular differences in VCD between the treated and fellow control eyes were: Ϫ0.665, Ϫ0.218, 0.047, and 0.217 mm, for dual lenses with powers: ϩ20/Ϫ10, ϩ10/Ϫ10, ϩ5/Ϫ10, and 0/Ϫ10 D, respectively (Fig. 3B) . These changes correlated highly with the differences in refractive error between the two eyes (R ϭ 0.97, P Ͻ 0.01; Fig. 4A ). Changes in choroidal thickness also contributed to the refractive compensation to the dual-power lenses (eyes with shorter VCDs had thicker choroids, whereas there was no apparent thinning of the choroid when VCD increased; Fig. 4B ). The interocular difference in refractive error was stable after 6 days of dual-power lens wear (data not shown). Thus, even though the treated eyes were still exposed to continuous competing defocuses, they exhibited no further change in refraction relative to control eyes.
Experiment 2: Effects of the Relative Extent of Competing Defocus
After 6 days of lens wear, the interocular difference in refractive error was ϩ4.7, Ϫ6.7, and Ϫ9.3 D for chicks wearing 50:50, 33:67, and 25:75 ratio dual-power lenses, respectively, and Ϫ11.1 D for chicks wearing Ϫ10-D single vision lenses (Fig. 5) . The refractive end points were significantly shifted toward myopia when the ratio of the two powers decreased from 50:50 to 33:67 or lower (P Ͻ 0.01), and the refractive error of the 33:67 group was significantly different from that of the 0:100 control (P Ͻ 0.01). These ratio-dependent responses further suggest that visual processing in the retina integrates simultaneous defocus information concerning the relative contribution (relative contrast) of the defocus, as well as its sign and dioptric magnitude.
Experiment 3: Effect of Simultaneous Defocus on Existing Myopia
Refraction and ocular biometry were performed every 2 days to monitor the time course of the response (Fig. 6) . As found in experiment 1, eyes wearing a dual-power lens in stage 1 grew to become slightly hyperopic relative to their fellow control eyes (ϩ3.9 D, n ϭ 10). The refractive error of the eyes tended to stabilize between days 4 and 6, but then became myopic during stage 2 when fitted with a Ϫ10-D lens. Eyes wearing a Ϫ10-D single vision lens during stage 1 became markedly myopic (Ϫ10.1 D, n ϭ 13). However, after switching to a dual-power lens type (stage 2), they recovered such that they approached emmetropia (0.4 D; n ϭ 7) after 6 days. We were not able to follow the refractive changes beyond 12 days, because by this age the lenses tended to fall off repeatedly, and so it is not yet clear whether refractive errors were stable by this point. 
DISCUSSION
It has been hypothesized that the eye uses the average amount of blur against sharp vision to signal growth toward myopia until emmetropia is achieved. 29 According to this hypothesis, the simultaneous myopic and hyperopic defocus experienced by chicks in our study would lead the treated eye to grow increasingly myopic. Our results provide evidence against this notion and suggest that emmetropization is jointly modulated by the sign, dioptric magnitude, and relative contribution (relative contrast) of defocus. The interaction was somewhat additive: We found myopic defocus to be more potent than hyperopic defocus in modulating eye growth. A similar bias toward myopic defocus has been noted during intermittent lens wear 30 and lens-switching experiments, 31 in which competing-defocus stimuli were presented sequentially. The results of experiment 2 suggest that the integration of simultaneous competing defocus information is also influenced by the relative contribution of the two focal powers (i.e., their relative contrast on the retina). Since the final refractive error of eyes wearing ϩ10/Ϫ10-D lenses was hyperopic for 50:50 ratio lenses, yet myopic for 33:67 lenses, a ratio between these two values is likely to balance the competing inputs to produce emmetropia.
That eyes can integrate competing defocus information temporally 31 suggests not only that the eye can acquire and integrate optical cues, but also that information concerning prior defocus exposure is somehow retained (perhaps either as a chemical message with a particular half-life, 32 or through some form of synaptic plasticity 33 ). Our results expand on this notion, by suggesting that the retina can integrate opposing defocus signals even when they are presented simultaneously. Of particular interest was the fact that refractive development stabilized (Fig. 6, point b) with the retina at a position between the two planes of defocus, where no sharp image would be obtained in the unaccommodated eye. Presumably, at this point, the emmetropization system is at an equilibrium in which the opposing inputs are balanced. Thus, our results are consistent with the idea that "stop" and "go" signals may play a role in emmetropization. 34 The physiological mechanisms underlying the decoding of retinal defocus are far from clear, although there is evidence that image decoding may occur at the level of retinal amacrine cells. 35 One possibility is that the single layer of photoreceptors functions as a multiple-channel system. For example, in the presence of longitudinal chromatic aberration, the different chromatic channels of cone photoreceptors may function like a series of sensors located at different positions along the optical axis 19 and contribute to decoding the sign of defocus (although it is difficult to imagine how this could be achieved without knowledge of the spectral composition of the light source). Another hypothesis contends that the dioptric distance between the image and the photoreceptor layer may not be stationary, but rather that accommodation microfluctuations associated with the arterial pulse 36 and/or the instantaneous heart rate 37 create movement of the image plane relative to the photoreceptor layer. Thus, temporal sampling of photoreceptor outputs may provide information analogous to a multiplane sensor series. If the visual system uses several strategies to guide emmetropization, then previous attempts to remove a single optical cue may have been confounded by the use of the others. 38 All the refractive and biometric measurements performed in the present study were made "on axis." However, recent experiments 39, 40 (Morgan IG et al. IOVS 2006; 47 :ARVO E-Abstract 3328) suggest that peripheral defocus may play an important role in regulating global, as well as local, refractive development. More work is needed to elucidate the degree of peripheral defocus in chicks viewing through dual-power lenses, and to what extent, if any, this contributes to refractive development along the optical axis.
This work raises two important questions. First, as pointed out by Flitcroft et al. (IOVS 2006 ;47:ARVO E-Abstract 4778), since the natural visual environment exposes the eye to an ever-changing scene comprising multiple levels of simultaneous defocus (Fig. 7) , how is all this complexity decoded to modulate emmetropization? Second, since in chicks, dualpower, competing-defocus lenses can guide myopic eyes toward emmetropia, do similar methods hold promise for treating children with myopia?
